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R6sum6 -Une boblne p o l y h 6 l i c e u t i l i s a n t comme champ e x t 6 r i e u r une boblne B i t t e r (aimant duplex) ou une boblne supraconductrice (aimant h y b r i d e ) p r o d u i t l e champ magn6tique l e p l u s intense. Un programme bas6 sur l a performance de 1000 heures en s e r v i c e de l a bobine duplex 25 T e s t u t i l i s 6 pour l a conception de l a bobine h y b r i d e de Grenoble. On peut d6montrer qu'avec une puissance de 10 MW l a p r o d u c t i o n d ' u n champ magn6tique c o n t i n u de 30 T avec un aimant duplex, e t de 40 T avec un aimant h y b r i d e e s t f a i s a b l e .
Abstract -A p o l y h e l i x magnet w i t h a B i t t e r c o i l (duplex magnet) o r w i t h a superconducting c o i l ( h y b r i d magnet) f o r t h e background f i e l d generation, i s known t o produce t h e h i g h e s t magnetic f i e l d s . Numerical c a l c u l a t i o n s i n v o l v i n g system parameters e s t a b l i s h e d i n t h e course o f 1000 hours o f o p e r a t i o n o f t h e Grenoble duplex magnet a r e used f o r designing t h e 30 T h y b r i d magnet. I t i s demonstrated t h a t w i t h a power o f 10 MW continous magnetic f i e l d s o f 30 T w i t h a duplex magnet and 40 T w i t h a h y b r i d magnet a r e f e a s i b l e . a) -INTRODUCTION The design o f h i g h f i e l d magnets i s governed by the concern o f f i n d i n g an o p t i m a l r a d i a l and a x i a l power d i s t r i b u t i o n f o r maximum f i e l d w i t h o u t v i o l a t i n g t h e c o n d i t i o n t h a t stresses (induced by t h e Lorentz f o r c e s ) and poaer d i s s i p a t i o n do n o t exceed t h e values which can be t o l e r a t e d by conductor and support s t r u c t u r e s .
The t r a d i t i o n a l answer t o t h e problem o f f i n d i n g an o p t i m a l magnet design f o r these demanding and o f t e n c o n t r a d i c t o r y requirements has been the B i t t e r technique. This c o n s t r u c t i o n , however p u t s t h e maximum o f stresses and power d e n s i t y a t the i n n e r r a d i u s o f t h e c o i l s . The h i g h e s t continuous f i e l d ever achieved w i t h B i t t e r magnets was t h e r e f o r e l i m i t e d t o 23.4 T i n a bore o f o n l y 32 mm diameter. I n order t o o b t a i n a more f a v o r a b l e d i s t r i b u t i o n o f s t r e s s and power d i s s i p a t i o n we have developed a p o l y h e l i x magnet, which assures equal s t r e s s d i s t r i b u t i o n w i t h i n t h e magnet and power d i s s i p a t i o n o f more than 2 MW per l i t e r o f volume. A magnet o f t h i s type produced f i e l d s up t o 25 T i n a 50 mm diameter bore /1/. The compactness makes t h e p o l y h e l i x magnet an i n t e r e s t i n g candidate f o r h y b r i d magnets. An a d d i t i o n a l advantage i s the considerable r e d u c t i o n o f f o r c e s between t h e r e s i s t i v e and t h e superconducting system i n t h e case o f a p a r t i a l burn-out o f one o f t h e h e l i c e s . F i r s t we g i v e a d e s c r i p t i o n o f t h e basic p r i n c i p l e governing t h e 25 T duplex magnet design. Secondly, we present r e s u l t s o f c a l c u l a t i o n s which we made i n order t o f i n d t h e l i m i t s o f t h i s new concept i n t h e design o f h i g h f i e l d magnets i n a p p l i c a t i o n t o r e s i s t i v e magnets, pulsed magnets, and h y b r i d magnets and compute t h e maximum f i e l d s which can be achieved. G geometric factor The relation originally derived for galvanometer coils holds for magnets up to about 15 T, i.e. as long as X and p do not depend on the dissipated power. The G factor is a function of the coil geometry, the coil dimensions and the radial current density function chosen and is (together with X and p) a measure for the efficiency of a magnet. The radial current density distribution with the highest G factor is, It generates the highest field for a given power, the maximum being for a infinitely large coil. The current distribution given by above equation, also called Kelvin distribution /2/, requires that the current density varies radially and axially. It can be well approximated by a set of nested Bitter coils with thickness of the plates varying in axial direction. For high-power Bitter magnets or magnets with small bore, hoop stresses induced by Lorentz forces may well exceed the value which can be tolerated by the conductor material (cold worked hard copper). Here either copper alloys with higher mechanical strength but also lower electrical conductivity or additional support structures (for instance stainless steel discs) would have to be used. However, it has been shown /1,4/, that for this case, where the space factor and the resistivity are no more independent of the power dissipated, it is advantageous to split up the magnet into two parts: -a highly efficient outer part with the Kelvin current distribution -a highly stressed part in the center of the magnet, consisting of a series of thin nested coils (helices).
A polyhelix magnet has the highest efficiency when all helices are designed in such a way that they support the Lorentz forces on their own and that they experience the same induced hoop stress. This can be achieved by choosing an appropriate radial current density distribution. Figure 1 gives three examples of the resulting current density functions. Since the same current flows through each helix, the different current densities are obtained by varying the thickness. The distance between the coils is determined by cooling requirements. Since all three distributions peak at the inner radius they are, obviously, highly efficient. 
Parameters o f t h e 25 T magnet ( d e s c r i b e d elsewhere /1,5/) were o b t a i n e d from t h e r e q u e s t t h a t t h e power d i s t r i b u t i o n between t h e i n n e r and t h e o u t e r p a r t i s such t h a t t h e s t r e s s i n t h e B i t t e r magnet cannot exceed a c e r t a i n p r e s e t v a l u e /4/. We have chosen t h e name "duplex magnet" f o r t h i s o p t i m i z e d t y p e o f a magnet, c o n s i s t i n g o f two r e s i s t i v e p a r t s o f d i f f e r e n t magnet t e c h n o l o g i e s .
The duplex magnet has g r e a t l y improved e f f i c i e n c y as i t can be seen from F i g . 2, where we compare t h e 25 T duplex magnet w i t h t h e b e s t magnets o f some o t h e r l a b o r at o r i e s . The 30 T magnet proposed i n t h e second p a r t o f t h i s paper w i l l be c o n s t r u ct e d s i m i l a r l y as t h e 25 T magnet and would have t h e e f f i c i e n c y o f G* = 15 ( e f f i c i e n c y f a c t o r G* d e f i n e d i n r e f . / 6 / ) . These b o t h magnets e n t e r a f i e l d r e g i o n f o r m e r l y b e i n g t h e s o l e domain o f h y b r i d magnets. 
Wrockaw. F o r h y b r i d magnets t h e f i e l d c o n t r i b u t i o n o f t h e s u p e r c o n d u c t i n g p a r t i s marked by t h e d o t t e d l i n e . C ) -COMPUTER OPTIMISATION OF MAGNET DESIGN
The n u m e r i c a l c a l c u l a t i o n s used i n d e s i g n i n g t h e 25 T duplex magnet a r e p r e s e n t e d i n t h e n e x t c h a p t e r s . The c a l c u l a t i o n s i n c o r p o r a t e s e v e r a l f e a t u r e s determined d u r i n g a l m o s t 1000 h o u r s o f magnet s e r v i c e time. The program used s p l i t s t h e t o t a l magnet i n t o a p o l y h e l i x and a B i t t e r p a r t , as shown above. I t c a l c u l a t e s t h e dimens i o n s o f t h e h e l i c e s , t h e i r temperatures, c o o l i n g r e q u i r e m e n t s , d i s t a n c e s , s u r f a c e roughnesses, f o r c e s , i n s u l a t o r r e q u i r e m e n t s e t c . I n a l l c a l c u l a t i o n s o f t h i s paper t h e s t r e s s l e v e l o f t h e h e l i c e s was s e t t o t h e v a l u e o f t h e duplex magnet, i . e . t o a hoop s t r e s s o f 320 ~/ m m~, c o r r e s p o n d i n g t o a r e p r e s e n t a t i v e s t r e s s o f 340 ~/mm' , i f compressive, r a d i a l and shear s t r e s s e s a r e t a k e n i n t o account. The w i r e used i s The e s s e n t i a l parameter ( t o be determined) f o r t h e p o l y h e l i x i n s e r t i s t h e w i r e t h i c k n e s s , s i n c e i t d e t e r m i n e s t h e dimensions o f t h e p o l y h e l i x magnet. Because t h e o u t e r diameter o f t h e t o t a l magnet assembly i s f i x e d t h e dimensions o f t h e B i t t e r magnet a r e a l s o f i x e d . F i g u r e 3 e x a m p l i f i e s t h e e f f e c t o f v a r y i n g t h e w i r e t h i c k n e s s *Fa. Langenberg Kupferwerke, Langenberg, Germany on the maximum field strength and all other parameters, as length and outer diameter of the polyhelix insert and also the stress level of the Bitter magnet. The maximum field of the polyhelix magnet alone corresponds to a value of B/a, = B = 2 / 4 / . The maximum total field, however, is shifted to higher values of f3 because of the contribution of the outer Bitter coil. If the maximum stress in the Bitter magnet were higher than the admissible limit, the total field value corresponding to the stress level of 360 ~/mm' is to be used. This numerical procedure was also used for the calculations of hybrid magnets. Here the Bltter magnets are -if required -replaced by a second set of 12 helices. Fig. 3 -The field contributions of the polyhelix and the Bitter magnet, the total-field, the hoop stress of the Bitter magnet and the dimensions of the polyhelix magnet (half length b, outer radius r ) are given as functions of the wireathickness of the polyhelix magnet.
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,** ------ In principle the field generated by a magnet can be increased by 1) increasing the outer diameter of the magnet, 2) reducing the inner bore, and 3) increasing the power. Figure 4 shows that doubling the outer radius results in a field increase of 1T; a magnet with almost 3 m outer diameter would generate 2.5 T more. The main reason for this improvement is the chosen Kelvin current distribution because every increase in dimensions raises its G factor /3/. On the other hand a magnet of this size would weigh about 40 t! The effect of reducing the inner bore radius of the magnet is displayed in Fig.5 . A room temperature 25 mm bore is still feasible for most of the experiments and increases the field by 3.5 T. Increasing the outer diameter of a magnet by a factor 2 and simultaneously reducing the inner bore by the same factor would generate 30 T with only 10 MW of power. A detailed optimisation of the power distribution between the two systems of the magnet gives a total field of almost 31 T (Fig. 6) . 
f t h e power d i s t r i b u t i o n between "xu marks t h e Grenoble 25 T duplex magnet. t h e two p a r t s o f t h e proposed 30 T magnet. The s t r e s s value was l i m i t e d t o 360 N/ mm 2.
T can a l s o be obtained i n a 50 mm bore i f power i s doubled t o 20 MW ( F i g . 4). A magnet w i t h 5 x r c o u l d generate 33 T and an a d d i t i o n a l improvement o f 0.7 T can be achievgd i f t h e number o f t h e h e l i c e s i s doubled. The g a i n r e s u l t s from the f a c t t h a t t h e h i g h e r number of t h i n n e r c o i l s gives a b e t t e r approximation t o t h e constant s t r e s s c u r r e n t d e n s i t y d i s t r i b u t i o n and reduces somewhat t h e indu
I t i s r e a d i l y seen t h a t t h e f i e l d generated w i t h a h i g h e r number of h e l i c e s i s higher. The r e s u l t i n g t o t a l f i e l d i s 36 T f o r a 25 mm room temperature bore. So we may conclude from t h e presented data, t h a t f o r r e s i s t i v e magnets continuous f i e l d s o f 30 T w i t h 10 M W and o f 35 T w i t h 20 M W may be generated.
LO - However, the same 5 T increment of field from 40 to 45 T requires a double increase of the power, to more than 100 MW. The continuous mode also requires the corresponding cooling installations. For 100 MW about 1000 1 of water per second has to pass through the magnet. There e x i s t s , o f course, t h e p o s s i b i l i t y t o r u n such a magnet i n a q u a s i -s t a t i o n ar y way. The magnet takes up t h e energy d u r i n g t h e p u l s e t i m e and s l o w l y r e c o o l e s a f t e r w a r d s . No c o o l i n g d u r i n g t h e p u l s e t i m e i s t h e r e f o r e r e q u i r e d and we can e l i m i n a t e t h e channels f o r t h e c o o l i n g w a t e r r e d u c i n g t h e support s t r u c t u r e and i n s u l a t o r s . F o r t h i s case we c a l c u l a t e an improvement o f 3 T f o r a 10 MW magnet, r a i s i n g t h e f i e l d t o 28 T i n a 50 mm room temperature bore. The p u l s e l e n g t h i s determined by t h e h e a t c a p a c i t y o f t h e magnet determined by t h e volume o f t h e magnet and t h e maximum temperature r a i s e which we a r e w i l l i n g t o t o l e r a t e . F i g u r e 8 shows t h a t f i e l d s up t o 60 T can be g e n e r a t e t t h i s way; p u l s e l e n g t h s o f about one second b e i n g f e a s i b l e . A 10s r e c t a n g u l a r pulse, t h a t may be d e l i v e r e d from a f l y w h e e l generator w i t h e l e c t r o n i c r e g u l a t i o n w i t h s h o r t r a i s e and decay times and a f l a t top, r e q u i r e s a magnet w i t h a w e i g h t o f about 40 tons, precooled t o l i q u i d n i t r o g e n temperature and an energy source o f about 2 GJ.
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f) -HYBRID MAGNETS
Hybrid magnets are considered to be more economic in generating higher fields.
The hybrid magnets already existing raise the maximum field by typically 8 T (superconducting coil contribution) and resulting field is between 25 and 30 T (see Fig. 3 ). Also the High Field Magnet Laboratory of Grenoble has chosen this solution. Its hybrid magnet will generate 31 T in a 50 mm room temperature bore. The superconducting part consists of two coils of multifilamentary NbTi kept at 1.8 K producing 11 T in a 420 mm room temperature bore /7/. The resistive insert will generate 20.3 T. In analogy with the duplex magnet, the insert consists of two parts: a set of 12 helices with an inner radius of 27.5 mm and outer radius of 108 mm, and two Bitter magnets with 115 and 180 mm outer radii, each part consuming 5 MW of power. The choice of Bitter magnets for the outer part was dictated by the fact that these coils are not stress-limited and easier to manufacture. Figure 10 shows that the replacement of the Bitter magnets by a second set of 12 helices would not be advantageous for the present hybrid magnet and that it gives only a small field increase for smaller bores. Only for higher outer fields the 24 helices solution is preferable. . .
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is io 5b mom temp bore lmnl The polyhelix magnet is designed in a very conservative way to assure a reliable operation and maximum protection of the superconducting part. If we reduce the requirements to the same level as used in the duplex magnet we would gain 1 T, raising the total field to almost 33 T in a 50 mm diameter bore. Finally, if we reduce the magnet bore to 25 mm the total field of 36.5 T could be generated.
If we compare these results with Fig. 7 we realize the similarity of the results: a background field of 11 T generated by a superconducting NbTi magnet corresponds precisely to an additional power of 10 MW for an entirely resistive magnet. There is still place for further increase of the attainable fields. The superconducting coils, wound from NbTi could be replaced by Nb3Sn coils with higher current carrying capability. Such a magnet would produce 14.5 ' C / 8 / . The 3.5 T field increase directly contributes to the total field because the efficiency of the outer polyhelix magnet could be increased by current redistribution and field losses there are eliminated (Fig. 10) . Further, if-we reduce the bore to 25 mm diameter a field of 39 T could be generated. Measurements performed on a Nb-3atLTi/Cu-7.5atZ Sn wire show that the critical currents are higher than for standard Nb3Sn wires.
Calculations give a maximum field of 16 T if the polyhelix idea is applied to the superconducting coil for stress reduction (33 ?L for this case) /5/. The field increase of 1.5 T results in an increase of total field of 1 T. We can therefore state that a continuous field of 40 T is feasible, but it seems to be the limit of today's technology.
We have also performed calculations to see if an increase of the electric power will give a further gain in a magnetic field. In fact a decrease is obtained (Fig.  10 ) because more cooling water has to be now used. If we double the amount of cooling water that has to be passed through the magnet, the space needed for cooling results in a field loss of almost 4 T . The helices become very long and the additional power increases the field in an extremely unefficient way. We conclude therefore that the power dissipation limits attainable fields for hybrid magnets due to space limitations. f) -CONCLUSION The calculations which we have presented and which are based on 1000 hours of running experience of the duplex magnet with its polyhelix insert are summarlsed in Table 1 .Different options of generating continuous high magnetic fields with resistive, i.e. duplex magnets and with hybrid magnets are there presented. We can state that continuous magnetic fields of 30 T with 10 MW and 40 T with hybrid magnets are feasible. Since our numerical calculations are based on realistic assumptions based on experience, each of these magnets can be built today. The technology and the know-how already exists. 
Resistive (Duplex) Mannets
